This paper addresses the problem of nonlinear discrete-time flatness-based controller design for a Permanent Magnet-Excited Synchronous Motor (PMSM). To eliminate the static errors of the system state variables and consider the nonlinear characteristics of a PMSM, a cascaded flatnessbased control scheme is proposed. Simulation results are provided to illustrate the effectiveness of the proposed control structures, in terms of better performance.
NOMENCLATURE

Introduction
With the advantages of superior power density, high performance motion control with fast speed and enhanced accuracy, Permanent Magnet-Excited Synchronous Motors (PMSM) have been increasingly used in robotics, precision machining and many automation processes. Therefore, the problem of control design for PMSM has received considerable attention. However, there remain interesting questions as to how to design a controller so that the static errors of the system state variables are minimized in which the nonlinear characteristics of the PMSM are taken into account.
The concept of differentially flat nonlinear systems was first introduced by Fliess et al, 1992 . The system is considered to be flat if a set of outputs can be found such that all states and inputs can be determined from these outputs without integration. The main purpose of the flatness-based control method is first to design an open-loop nominal control corresponding to the predicted trajectory of the flat output. Then, a feedback control law is applied to stabilize the real trajectory around the predicted trajectory of the flat output. The flatness-based control has been recognized as a promising method to deal with nonlinear systems (see, e.g., Levine, 2009 and references therein). Based on the combination of the natural energy dissipation properties of the permanent magnet stepper motor system with its differential flatness property, a nonlinear feedback controller was proposed in Ramirez, 2000. It should be noted that in the aforementioned papers, the problem of nonlinear flatness-based control has not been fully investigated and the minimization problem of the system state variable static errors has not received considerable attention. These facts have been motivated us to the present study.
In this paper, the problem of nonlinear discrete-time flatness-based controller design for PMSM is investigated. By considering the nonlinear characteristics of PMSM, a control strategy based on flatness theory is proposed to suppress the system state static errors. Simulation results are given to illustrate the effectiveness of the proposed approach.
The paper is organized as follows. Section 2 presents a nonlinear flatness-based controller design method for PMSM. Simulation results for a standard PMSM are given in Section 3. Section 4 concludes the paper. 
Flatnessbased control
As mentioned in Fliess et al. 1994 and Fliess et al. 1995 , the main property of differential flatness is that the state and input variables can be directly expressed, without integrating any differential equation, in terms of the flat output and a finite number of its derivatives. Therefore, the trajectory of input can be determined from desired trajectory of flat output. The general flatness-based control structure consists of a nominal feedforward controller combined with a feedback stabilizing controller as shown in Figure 1 . In this structure, the feedback controller is crucial of importance to compensate the effects of external disturbances and model uncertainties.
Flatnessbased controller for PMSM
To eliminate the system state static errors and consider the nonlinear characteristics of PMSM, a cascade nonlinear flatness-based control structure is proposed in Figure 2 . As shown in Figure 2 , the cascade control structure includes two loopss which are coupled to each other. 
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Note that the functions f(.) and H(.) in equation (1) are nonlinear in nature, the ordinary differential equation (1) cannot be solved exactly, and hence the exact form of the discrete-time differential equation is difficult to obtain. Therefore, to obtain the discrete-time current model of PMSM, Taylor's series expansion is used where T is sampling period and ( ) T X is the higherorder terms of the Taylor's series expansion which can be expressed as follows (2) 2 ( ) As the sampling period in the advanced electric drive systems is very small, the higher-order terms in equation (6) can therefore be neglected. By substituting (1) into (5), the discrete-time current model of PMSM is obtained as ( 1) ( ) ( ( )) ( ( )) ( ) (
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Equation (7) can be rewritten in the form of .
Note that the nonlinear characteristics in the current model of PMSM (8) (9) 
where
and T si is the sampling time for current loop.
Speed controller
The motion equation of PMSM is considered as ( )
Similarly, by adopting the discretization approximation (5), the discrete-time speed model of the PMSM is obtained as follows
Based on the property of differential flatness, the controller of the current feedforward block is obtained as ( ) 
Finally, the speed controller can be obtained as 
Simulation results
In this work, to verify the effectiveness of the proposed control strategy, we consider a standard PMSM with the following parameters as shown in Table  1 . Several scenarios were considered for simulation to assess the capability of the proposed controller. Here, the speed of PMSM will be controlled with a constant load and this load will be involved after 0.5sec.
Case 1:
The reference speed is set at 157.1 (rad/s)-forward speed and -157.1 (rad/s)-reverse speed and the motor will reverse rotation at 0.3s. The constant load involves at 0.5sec. Simulation results are shown in Fig 3-8 . 
Case 2:
The reference speed is set from 157.1 (rad/s) to 314.2 (rad/s) and the motor will reverse rotation at 0.7s. The constant load also involves at 0.5sec. Simulation results are given in Fig 9-14 . It can be seen that the motor speed tracked the desired speed after 0.12 sec. The tracking error curves for both cases are depicted in Fig 2, 4, 6, 8, 10 , 12, 14. It is apparent that the tracking performance of the proposed method in this study is good when the static errors including the speed and current errors converge into zero after 0.01 sec. It is also observed that the tracking errors are still within an acceptable level even when reversing the rotation and starting-up with a constant load.
Conclusion
In this paper, the problem of nonlinear flatnessbased controller design of PMSM has been addressed. Based on Taylor series expansion and by using the property of differential flatness, two controllers of the current and speed loops are proposed to eliminate the static errors. Simulation results are provided to illustrate the feasibility of the proposed approach.
